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Serum-Free Suspension Culture System for Mesenchymal Progenitor Cells 



Field of the Invention . 
This invention is in the field of cell biology. More particularly, the invention relates to 
the culturing of mesenchymal progenitor cells, which upon differentiation give rise to 
5 various connective tissues including bone and cartilage. 



Background to the Invention ..„,,„ 
WO02/086104 published October 31, 2002 teaches that mammalian, and particularly 
human, mesenchymal progenitor cells (MPCs) capable of colony forming umt - 
10 fibroblast (CFU-F) and CFU- osteoblast (O) development can successfully be cultured 
' and expanded at relatively large scale under non-static and non-contact suspension 
culture conditions where the cells are present as non-adherent individual cells and not as 
either large clumps or as confluent layers. The survival and expansion of such cells can 
be improved by supplementing the culturing medium with various growth factors and 
15 agents such as interleukin-3 (IL-3) and stem cell factor (SCF . Accordingly, the 
"" technique of non-static, non-adherent, suspension culturing is established as a valuable 
method by which relatively large populations of MPCs can be generated either for further 
research or for medical purposes such as cell-based therapies including tissue 
engineering. This technique also yields subpopulations of cells having a unique 
20 phenotype that is not revealed during adherence-based culturing of mesenchymal cell 
populations. 

It is an object of the present invention to provide an improved method for the culturing of 
progenitor cells, including mesenchymal progenitor cells. 

25 

Summary of the Invention . 
It has now been found that progenitor cells can be cultured by non-static and non-contact 
suspension culture conditions where the cells are present as non-adherent individual ce Is, 
in culturing medium that is serum-deprived. Thus, in accordance with one aspect of the 
30 present invention, there is provided a process for culturing a progenitor cell population 
comprising the step of culturing an input population of progenitor cells by non-contact 
non-adherent, stirred suspension in serum-deprived medium. Preferably, the cultured 
progenitor cell population comprises, and is optionally enriched for, non-hematopoietic 
progenitor cells. In other embodiments, the cultured progenitor cell population 

35 comprises, and is optionally enriched for, progenitor cells having a CD45- phenotype In 
particular embodiments of the present invention, the input progenitor cell populahon 
comprises, and is optionally enriched for, mesenchymal progenitor cells. In another 
embodiment of the present invention, the serum-deprived medium is supplemented with 
one or more agents, including growth factors and/or hematopoietic progenitor cells, to 

40 foster and/or enhance the survival and/or expansion of the cultured progenitor cells. 

In another aspect of the present invention, there is provided a method for producing non- 
hematopoietic cells, including mesenchymal cells, comprising the step ot obtaining 
progenitor cells cultured in accordance the culturing method of present invention, and 
45 Then growing the cultured mesenchymal progenitor cells under conditions conducive to 
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the differentiation thereof into mesenchymal cells and/or tissue. By this process, there is 
provided such mesenchymal tissues as bone and cartilage. 

The invention is now described in greater detail with reference to the accompanying 
5 drawings in which: 

Rp.fftrence to the Drawings 

Figure 1 shows the total number of CD45-CD123 + cells generated in serum-free 
10 suspension culture conditions supplemented with 100 ng/ml SCF and 20 ng/ml 1L3. Dual 
fluorescence labeling for CD45 and CD123 was used to track the percentage of CD45 
CD123 + cells in suspension cultures initiated with CD45" cells. These values were used to 
calculate the total number of CD45CD123 + cells generated throughout suspension 
culture. Statistical significance (p<0.05) is denoted by *. Each data point represents the 
15 mean ± SD (n=3). 

Figure 2 shows CFU-F and CFU-O development from CD45"CD123 + suspension-derived 
cells. CD45CD123+ sorted cells (grown in CD45" stirred suspension cultures) were 
plated in CFU-F and CFU-O assays following 7 days of suspension culture. (A) CfU-r 

20 assays were stained with Giemsa to visualize discrete colonies of fibroblastic cells while 
(B) CFU-O assays were incubated with tetracycline (TC), to visualize newly formed bone 
nodules (seen as white areas) under UV fluorescence microscopy. Representative 
scanning electron micrographs of revealing (C) cement line matrix deposition (arrow) 
and (D) collagen mineralization (arrow) derived from CD45CD123+ sorted cells grown 

25 in CFU-O assay conditions (F.W. for C and D: 53 urn and 21ym, respectively). (Note: 
CFU-F and CFU-O assays were initiated with 1x10 cells/cm ) 

Figure 3 shows the total number of CFU-F and CFU-O generated from CD45CD123+ 
cells grown in suspension cultures initiated with CD45" cells. The absolute number of 

30 CFU-F and CFU-O at each time point was determined by multiplying their frequency 
detected in CFU-F and CFU-O assays, respectively, by the total number of CD45 
CD123 + cells present in the culture at each time point. Each symbol represents the mean ± 
SD (n=3). A statistically significant difference (p<0.05) was observed in the yield of : both 
CFU-F and CFU-O between Day 7 and 21 (denoted by *). Note: there was no CFU-F and 

35 CFU-O detected from CD45 CD 123 + cells isolated from input (Day 0) bone marrow- 
derived cells; and 

Figure 4 shows a comparison of the CFU-O colonies counted in 35mm dishes seeded 
with 1E5 cells in both serum-containing and serum-free conditions. It can be seen that the 
40 number of CFU-O colonies is greater for each time point than that in the serum- 
containing condition. Furthermore, the rate of increase in the number of CFU-O colonies 
counted is greater in the serum-free condition. 
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Detailed Description nf the Inve ntion and Preferred Embodiments 

In the present invention, input cell populations comprising non-hematopoietic 
progenitor/stem cells, including CD45- progenitor cells and particularly including 
5 mesenchymal progenitor cells, are cultured by non-static, non-adherent, suspension 
culturing in a culturing medium that is not supplemented with serum. 

The non-static, non-adherent, suspension culturing technique is designed most generally 
to culture cells under conditions that essentially prevent the cultured cells from adhering 

10 to the surface of the culturing vessel, and in a preferred embodiment also prevent the 
cultured cells from growing for any significant time period in direct contact with each 
other as agglomerated cell masses, as cell masses nucleated on a synthetic scaffold, or as 
confluent cell layers. To achieve such non-static, non-adherent, culturing conditions, a 
given input cell population can be cultured under conditions that impart movement within 

15 the cultured, for instance using agitation such as by shaking or stirring, or using fluidizing 
techniques such as percolation, aspiration, and the like, using equipment and conditions 
established for this purpose. To minimize adherence during cultunng, the bioreactor 
suitably is treated, e.g., siliconized, to inhibit cell adherence to the internal surfaces of the 
bioreactor. Thus, conditions of non-static, non-adherent culturing are designed to 

20 maintain cultured cells in suspension as individual cells during their cultunng, 

The agitation source is typically a mechanical agitation means that either introduces 
movement either directly within the culturing medium or externally through the surface 
on which the culturing vessel is placed. In embodiments, the non-static, non-adherent, 
25 conditions are introduced by stirring means, which can include a magnetized stirring 
paddle that is placed in the bioreactor and is induced by external magnetizing means. 
Alternatively, the agitation can be introduced by other means that include fluidized 
culturing beds, which introduce agitation through the movement of appropriate cultunng 
atmosphere through the cell population. 

30 

It will be appreciated that the magnitude of the agitation will be that which is sufficient to 
maintain the cells in suspension substantially as individual, expandable cells with desired 
circulation of culturing nutrients, but insufficient to introduce shear forces that will result 
in cell lysis. A stirring speed of about 40 rpm is suitable. 

35 

In one embodiment, the culture system is configured such that i) the impeller is placed in 
the middle of the bioreactor at a 90° angle to the solution surface to maintain axial flow 
ii) a constant mixing speed of 40 rpm is used to maintain the cells in suspension and in) 
the agitator is positioned three quarters of the way down the vessel to ensure uniform 
40 mixing. 

Other embodiments of non-static, non-adherent, suspension culturing are described for 
instance in WO02/086104 published October 31, 2002, the entire disclosure of which is 
incorporated herein by reference. 

45 
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With the non-static, non-adherent culturing approach, the present method introduces a 
three-dimensional environment for cell expansion, and raises exponentially the volume ot 
the environment within which progenitor cells can be expanded, thereby offering 
increases not only in the number of cells that can be expanded at any given time but also 
5 accelerating the rate at which the cells can be expanded over time. In the present method, 
suitable culturing volumes can range from the milliliters to many litres, for instance from 
about 0.1L to more than 200L, e.g., 0.5L to 100L, such as 1L to 10L. 

In accordance with the present invention, the input population of progenitor or stem cells 
10 is cultured in a nutrient medium that is essentially free of serum as a supplement, such as 
fetal bovine serum, horse serum and human serum, and otherwise comprises the 
components essential for survival and expansion particularly of mesenchymal progenitor 
cells. Thus, the culturing medium used in the present invention is one that lacks the 
serum component responsible in other systems for introducing unknown and occasionally 
15 infectious agents. 

A variety of nutrient media, such as basal nutrient media, are suitable for use in the 
present method. In one embodiment of the present invention, the progenitor ce Is are 
cultured under non-static, non-adherent, conditions in the presence of chemically defined 

20 media available commercially for the culturing of progenitor cells, including the 

StemSpan™ Serum-Free Expansion medium available commercially from StemCell 
Technologies in Vancouver, British Columbia. Alternatively, the culturing medium can 
be Dulbecco's Modified Eagle's Medium (DMEM), Iscove's Modified Dulbecco s 
Medium, McCoy's Modified SA Medium, Minimum Essential Medium Eagle, RPMI 

25 1640 Medium, Ham' s F12 and mixtures thereof, for instance as described in US 

6 617 16 1 issued September 9, 2003. The suitability of a particular medium or media 
mixture can be determined readily by culturing the input population of mesenchymal 
progenitor cells in the presence of the chosen medium under non-static, non-adherent, 
conditions as herein described. Suitable media are those which sustain and more 

30 preferably expand the population of input mesenchymal progenitors. 

In a preferred embodiment of the present invention, the media in which the cells are 
cultured is supplemented with one or more growth factors, or cellular sources thereof, 
which enhance survival and expansion of the mesenchymal progenitors. In specific 

35 embodiments of the invention, where the survival or expansion/proliferation of 

mesenchymal progenitor cells is desired, the culturing media is supplemented with stem 
cell factor (SCF) and/or interleukin-3 (IL-3). In a more specific embodiment, the 
mesenchymal progenitor cell culturing media is supplement with both SCF and IL-3. In 
another more specific embodiment, the culturing medium is supplemented with either 

40 SCF or E.-3. Other growth factors can also be added, including fibroblast growth factor 
(FGF). As noted in the examples herein, the addition of FGF was found not to enhance 
expansion of the mesenchymal progenitors to a statistically significant extent. Moreover, 
the addition of platelet derived growth factor (PDGF) was found to have a negative 
impact on mesenchymal progenitor expansion. Thus, in embodiments of the invention, 

45 the mesenchymal progenitor cell culturing medium is devoid of PDGF supplement, and is 
optionally further devoid of FGF supplement. 
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For the expansion of other non-hematopoietxc progenitor celT ^es, such * L* 0 ^^ nt 
rise to neuronal tissue, the culturing media can be supplemented with PDGF in an amount 
effective to support their growth and expansion. More generally, the present invention 
contemplates the culturing progenitor cells in the presence of such agents, including 
growth factors and cytokines, as are established for purposes of providing the general 
Survival and proliferative signals to the target progenitor cell type. Such agents are 
readily identified, under the present non-static, non-adherent, serum-free culturing 
conditions using the smaller scale conditions described in the examples. 

Thus in a preferred embodiment, the present method of an input population comprising 
mesenchymal progenitor cells by non-static, non-adherent, suspension culturing 
comprises culturing the cells in the present of nutrient medium that is essentially free 
from serum supplement and comprises an effective amount of SCF, IL-3 or a 
15 combination thereof. 

When incorporated in the culturing medium for mesenchymal progen ito rs ^ other 
progenitors, SCF and IL-3 are present at concentrations desirably of about ^Ong/mL e.g., 
about 1-lOOng/mL for IL-3 and about lOOng/mL e.g., 10-1, OOOng/mL for SCF, or a 
20 variation thereof that yields improvement in expansion of the mesenchymal progenitors. 

Culturing of the input population can be conducted under conditions otherwise 

established for this purpose. Temperatures suitably lie within the physiological range. 

The culturing atmosphere is desirably the appropriate blend of 0 2 and C0 2 , e.g., 
25 humidified 5% C0 2 in air. Culturing time periods that are suitable are reflected in the 
~ examples herein, will depend to some extent on the scale of the culture and culturing 

conditions, and will general entail periods e.g., about one week or so, by which an 

expansion of mesenchymal progenitors should be evident. 

30 The present culturing method most desirably is applied to an input progenitor cell 

population that is obtained without any prior step of selection based on cell adherence or 
anchorage dependence, which is more common in the art, and which m itself is believe to 
impart certain phenotypic traits to other progenitor cell populations that have been 
cultured in accordance with prior art methods. 

35 

The cells cultured in accordance with the present method, i.e., the input population, 
desirably comprise, and may be enriched for, non-hematopoietic (NHP) ^proge mtor and 
stem cells. The NHP cells include the mesenchymal progenitor cells (MPCs) ana 
progenitor cells that give rise to other non-blood cell types, and thus as a class, give rise 
40 to a wide variety of cell types and tissues of therapeutic interest, including nerve tissue 
" connective tissue, muscle, tendon/ligament, bone, cartilage, adipose tissue and vascular - 
endothelium. 

In an embodiment of the present invention, the present culturing method is applied to 
45 expand progenitor cells having a CD45- phenotype. 
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In a preferred embodiment, the present culturing method is applied to expand 
mesenchymal progenitor cells within the input progenitor cell population.. J^* »°P* 
population is characterized by the ability to give rise, under conditions conducive to such 
differentiation, to cell types and tissues that include osteocytes, chondrocytes, adipocytes 
and other mesenchymal cell types, which give rise to such tissues as bone, cartilage, 
muscle tendon and adipose. Phenotypically, the mesenchymal progenitors typically are 



CD45-. 



Suitable sources of input cell populations include bone marrow stroma umbilical cord 
10 including Wharton's jelly, umbilical cord blood and placental blood, placenta penpheral 
blood skin, adipose tissue and muscle. The non-hematopoietic progenitor cells available 
from these sources can be extracted using techniques well established in the art. 

In one embodiment of the present invention, the input cell population is enriched for non- 
15 hematopoietic progenitor cells before culturing. This can be achieved as established for 
instance using enrichment media such as Rosette-SepTM (StemCell Technologies) and a 
Ficoll spin, or more conceitedly by the FACS-based sorting procedure in combination 
with antibodies to markers on the cell types to be subtracted. Such antibodies, and 
procedures and devices for performing such subtractions are commercially available. It 
20 is possible for instance to subtract from the extracted cells those that are phenotypically 
CD45+, and which thus are of the hematopoietic progenitor cell type. 

Desirably and in accordance with an embodiment of the invention, the input population 
of mesenchymal progenitor cells further comprises cells of the CD45+ phenotype, e.g., 

25 cells of the hematopoietic lineage. Thus, in the present method it is not essential that 
that the extracted progenitor cells are first sort to enrich for the CD45- mesenchymal 
progenitors. Rather, the extracted progenitor cell population can be subjected as a whole 
to non-static, non-adherent, culturing under serum-deprived conditions. It has been found 
that non-mesenchymal CD45+ progenitors in the mixed input population can contribute 

30 factors useful in the survival and expansion of the mesenchymal progenitors. 

• The present method is particularly useful to enrich for progenitor cells having a 
CD45-/CD123+ phenotype. The present invention thus further provides an isolated 
population of mesenchymal progenitor cells that is enriched for, and desirably consists 
35 essentially of, cells having a CD45-/CD 123+ phenotype. 

It will be appreciated that such isolated cell populations can be obtained by selection of 
the desired cell phenotype from the cultured, expanded population such as by FACfc- 
based cell sorting. 

40 The cell populations generated from the input progenitor cell populations are useful 
medically in various therapies designed to repair or regenerate tissue of any type into 
which these populations can differentiate. Thus, for medical use, the expanded 
mesenchymal progenitor cell population can be formulated for delivery to the site at 

45 which differentiation is desired, using any delivery vehicle that is physiologically 
tolerable to both the recipient and to the viability of the cells formulated therein. 
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Particular formulations and suitable delivery vehicles are known in the art, and will be 
apparent from the nature of the intended therapy. Desirably, the formulation further 
contains agents, such as growth factors and cytokines, which enhance the viability and/or 
the differentiation of the administered cells. 

5 The present invention also provides a method of using specifically differentiated cells for 
therapy comprising administering the specifically differentiated cells to a patient in need 
thereof It further provides for the use of genetically engineered multipotent stem cells to 
selectively express an endogenous gene or a transgene, and for the use of the progenitor 
10 cells either per se or in expanded form in vivo for transplantation/administration into an 
animal to treat a disease. The cells can be used to engraft a cell into a mammal 
comprising administering autologous, allogeneic or xenogenic cells, to restore or correct 
tissue specific structural or other function to the mammal. The cells can be used to 
engraft a cell into a mammal, causing the differentiation in vivo of cell types and for 
15 administering the progenitor or differentiated cells into the mammal. The cells, or their in 
vitro or in vivo differentiated progeny, can be used to correct a genetic disease, 
degenerative disease, neural, or cancer disease process. They can be used to produce 
gingiva-like material for treatment of periodontal disease. They could be used to enhance 
muscle such as in the heart. A genetically engineered progenitor cell, or its differentiated 
20 progeny, can be used to treat a disease with CNS deficits or damage. Further the 
progenitor cells, or neuronally related differentiated progeny, can be used to treat a 
disease with neural deficits or degeneration including among but not limited to stroke, 
Alzheimer's, Parkinson's disease, Huntington's disease, AIDS associated dementia, spinal 
cord injury, metabolic diseases effecting the brain or other nerves. 
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The progenitor cells, or cartilage differentiated progeny, can be used to treat a disease of 
the joints or cartilage such as cartilage tears, cartilage thinning, and osteoarthritis 
Moreover, the cells or their osteoblast differentiated progeny can be used to treat bone 
disorders and conditions, such as bone fractures, osteoarthritis, bone voids caused by 
30 surgery or tumors for tissue regeneration in osteoporosis, Pager's disease, and 
osteomyelitis. 

As noted, inducing the progenitor cells, and their expanded equivalents, to differentiate is 
achieved using techniques established in the art, which vary according to the 

35 differentiated cell type desired. For differentiation to osteoblasts, progenitors can be 
cultured for about 14-21 days in culturing medium comprising supplements such as 
dexamethasone, p-glycerophosphate and ascorbic acid, and optionally including various 
bone growth factors. The presence of osteoblasts can be confirmed by Von Kossa 
staining, or antibodies against a bone cell marker such as bone sialoprotem, osteonectin, 

40 osteopontin and osteocalcin. 

For differentiation into chondroblasts, the progenitors can be grown in serum-free 
DMEM supplemented with TGF-0 in suspension culture, for about 14 days or more. 

45 To induce adipocyte differentiation, dexamethasone and insulin, or media supplemented 
with approximately 20% horse serum, can be used. Adipocyte differentiation can be 
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detected by examination with light microscopy, staining with oil-red, or detection of 
lipoprotein lipase (LPL), adipocyte lipid-binding protein (aP2), or Peroxisome 
proliferator-activated receptor gamma (PPAR). Adipocytes can be used for the treatment 
of Type II diabetes, and in reconstructive or cosmetic surgery, e.g., tor breast 
5 reconstruction after mastectomy, or for reshaping tissue lost as a result of other surgery. 

To induce skeletal muscle cell differentiation, progenitor cells can be treated with 5- 

azacytidine in expansion medium for a period, and then transferred to LTC medium. 

Differentiation can be confirmed by detecting sequential activation of Myf-5 , Myo-O, 
10 Myf-6, myogenin, desmin, skeletal actin and skeletal myosin, either by 
" immunohistochemistry or Western blot analysis. Smooth muscle cells can also be 

induced by culturing progenitors in serum-free medium, without growth factors 

supplemented with high concentrations of platelet-derived growth factor (PDGF). 

Terminally differentiated smooth muscle cells can be identified by detecting ^ esslon 
15 of desmin, smooth muscle specific actin, and smooth muscle specific myosin by standard 
" methods. Cardiac muscle differentiation can be accomplished by adding basic fibroblast 

growth factor (bFGF) to the standard serum-free culture media without growth factors. 

It will thus be appreciated that the progenitor cells of the present invention, their 
20 expanded equivalents and their differentiated progeny can be used in cell replacement 
therapy and/or gene therapy to treat a variety of conditions. 

It will be appreciated that cells provided by the present invention can be used to produce 
tissues or organs for transplantation. Oberpenning, et al. (Nature Biotechnology (1999) 
25 17- 149-155) reported the formation of a working bladder by cultunng muscle cells from 
the exterior canine bladder and lining cells from the interior of the canine bladder, 
preparing sheets of tissue from these cultures, and coating a small polymer sphere with 
muscle cells on the outside and lining cells on the inside. The sphere was then inserted 
into a dog's urinary system, where it began to function as a bladder. Nicklason, et al., 

30 Science (1999) 284: 489-493, reported the production of lengths of vascular graft 

material from cultured smooth muscle and endothelial cells. Other methods for forming 
tissue layers from cultured cells are known to those of skill in the art (see, for example, 
Vacanti, et al., U. S. Patent No. 5,855,610). These methods can be especially effective 
when used in combination with cells of the present invention, which have a broad range 

35 of differentiation. 

The cells can be provided as frozen stocks, alone or in combination with prepackaged 
medium and supplements for their culture, and can be additionally provided in 
combination with separately packaged effective concentrations of appropriate factors to 
40 induce differentiation to specific cell types. Alternately, the cells can be Provided as 
frozen stocks containing cells induced to differentiate by the methods described herein 
above. 

In a particular embodiment of the invention, the expanded progenitor cells and 
45 particularly the expanded mesenchymal progenitors are utilized in bone therapy, lo tms 
end, the cells can be delivered as such or together with a suitable matrix, such as a 
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scaffold liquid or gelatinous material, by injection or applied as a paste to a site at which 
bone formation is desired. Alternatively, the cells can be placed ex vivo * 
differentiation environment, exemplified by the CFU-O conditions described herein, and 
then transplanted to the intended site when their differentiation to bone tissue has reached 
5 an appropriately mature stage. 

ThfSS nt study implemented rigorous examination of a variety of candidate soluble 
factors, under serum-deprived conditions, to arrive at optimized soluble factor 
10 combination(s) that would influence the growth of a MPC population in suspension. To 
* accomplish this, a factorial design approach (Box et al., 1978) was toplemented to screen 
for combinations of important soluble factors that have a positive effect on MPC 
expansion. Specifically, we evaluated the effects of fibroblast growth factor (FGF), 
platelet-derived growth factor (PDGF), stem cell factor (SCF) and interleukin-3 (EL3) and 
15 their respective 2 4 possible combinations on total cell, CFU-F and CFU-O expansion 

FGF and PDGF were chosen for these studies as they have been shown to stimulate both 
the recruitment and growth of mesenchymal cells (detected as CFU-F) in both serum and 
serum-free conditions (Bianchi et al., 2003;Tsutsumi et al., 2001;Kuznetsov et al 
1997a;Gronthos and Simmons, 1995b;Hock and Canalis, 1994;Hirata et al., 1985b). IL3 
20 and SCF, although not typically used to stimulate the growth of mesenchymal cells, were 
investigated here based on previous results demonstrating that the combination of SCh 
and IL3 (albeit in the presence of serum) resulted in a significant expansion of CFU-F 
and CFU-O following suspension culture. These analyses revealed that EL3 was the most 
effective stimulator on the survival of MPCs and when combined with SCF, supported 
25 expansion of MPCs in suspension. Importantly, these findings demonstrate' the unique 
ability to grow mesenchymal progenitor cell types in serum-free suspension culture 
conditions. 
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Materials and Methods 

Human bone barrow derived-cell isolation 



Human bone marrow aspirates were obtained from the iliac crest of normal donors (n-3; 
2 female donors: ages 37 and 38 yrs. old; 1 male donor: 25 yrs old). The bone marrow 
aspirates were fractionated on a Ficoll-Paque™ gradient (Sigma, St. Louis, MO) as 
previously reported. The recovered cells were counted and plated at 1x10 cells per 4 ml 
35 StemSpan™ (serum-free) medium (StemCell Technologies, Vancouver, BC, CA) per 
well of a 6-well plate. 



Serum-Free Culture 



CFU-F Assay 

40 CFU-F potential of suspension-derived cells (and input cells) was determined by plating 
aliquots (1,000 cells/cm 2 ) of test cells in MesenCult 1 ™ medium (StemCell Technologies) 
in 24-well or 35 mm polystyrene tissue culture plates at 37°C with 5% humidified C0 2 . 
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The medium was exchanged every 3-4 days. After 14 days of incubation, 
were terminated and stained for a-napthyl acetate esterase activity (Sigma, Oakville, ON, 
CA) Following cultures were stained with Giemsa modified solution (Sigma) to 
visualize cell nuclei and cytoplasm. Colonies of fibroblasts containing >50 a-napthyl 
Ice"ate esterase-negative cells were then enumerated. Of note, CFU-F assays very rarely 
contained cells or colonies that were a-napthyl acetate esterase positive. 

CFU-O Assay 

CFU-O potential was determined by plating aliquots (1,000 cells/cm 2 ) of test cells from 
days 0 7 14 and 21 onto 24-well or 35 mm polystyrene tissue culture plates and 
incubating at 37°C with 5% humidified C0 2 . Osteogenic medium comprised a-MEM 
(Medium Preparation Services, University of Toronto, CA), 15% fetal bovine serum 
slemcTll Technologies) and 10% antibiotics/antifungal solution (167 umts/mL penicillin 
G, 50ug/mL gentamicin, 0.3ug/mL amphotericin B) supplemented with SOfXg/mL L- 
ascorbic acid (Sigma) and 3.5mM sodium P-glycerophosphate (Sigma). After 33 days of 
culture, 9 ug/ml tetracycline (Sigma) in ddH 2 0 was added to the cultures in the lasT re- 
feed prior to termination at 35 days as a technique to visual^ via Wfluorescence 
microscopy, the newly mineralized matrix deposited by the cells. The cultures were then 
terminated after a total culture period of 35 days and subsequently, colonies of 
osteoblasts (CFU-O) labeling positive for tetracycline were enumerated. Some CFU-O 
cultures were also stained with alkaline phosphatase followed by staining with von 
Kossa. Representative cultures were prepared for SEM analysis to visualize the matrix 
formed. 

Factorial Design 

A two-level factorial design matrix (Box et al., 1978) was constructed (Table 4 1) to 
evaluate the effects of FGF, PDGF, SCF and IL3 and their respective 2 possible 
combinations on total cell, CFU-F and CFU-O expansion. In this factorial design study, 
optimal (high) or a zero dose levels for PDGF and FGF was chosen based 0,1 'Previous 
studies (Gronthos and Simmons, 1995b;Wang et al., 1990), which reported that PDGF 
and FGF at a concentration of 20-100 ng/mL stimulated the expansion of human 
mesenchymal stem/progenitor cells as assayed by their capacity to form CFU-F. A dose 
level of 20 ng/ml was chosen for SCF and TL3 in these studies. 



Results 

IL3 and SCF support total cell, CFU-F and CFU-O expansion in serum-free 
conditions 

To develop a serum-free suspension culture configuration to more thoroughly 
characterize the specific role played by soluble factors on MPC growth in suspension, 
FGF PDGF, SCF and DL3, either alone or in combination, were screened for their 
capacity to support the survival and expansion of total cells, CFU-F and CFU-O in 
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suspension. At 7, 14 and 21 days.the total number of cells ^re emulate d^dCF^F 
and CFU-O assays were initiated with cells derived from each condition. The greatest 
expansion in the outcomes studied (i.e., total cell, CFU-F and CFU-O expansion) was 
achiTveS in the SCF+IL3 and SCF+IL3+PDGF treatment conditions, while minimal 
5 Swth was achieved in the single factor groups. Importantly, the results obtained m the 
" Srum-free system were comparable to those described in the serum-containing cultures. 

Analysis ofSCF, IL3, PDGF and FGF interactive effects 

10 Univariate analysis of variance (Univariate ANOVA) mid linear ° n 
the output responses (i.e., total cell, CFU-F and CFU-O expansion) a day: 21 were 
performed using SPSS 11.0. Single factor positive effects on total cell, CFU-F and _CFU- 
O exTnsion wire identified only in conditions where SCF or IL3 were added. PDGF and 
FGFhad no significant (positive) impact on total cell, CFU-F or CFU-O growth 

15 Interestingly, the combination of FGF+SCF+IL3 resulted in the expansion of total cell, 
CFU-F and CFU-O (>l-fold), relative to Day 0 values^However, there were no 
statistically significant differences observed between the SCF+IL3 and SCF+IL3+FGF 
Smen! grou^ suggesting that the presence of FGF does not ff^^^° 
expansion in suspension beyond levels attainable in the combined presence of SCF and 

20 IL3 Notably, cells derived from the combination of all growth factors 

^CF+S+PDGF + FGF) failed to give rise to CFU-O after 7 days of suspension culture. 

The addition of PDGF to the SCF+IL3 combination resulted in a statistically significant 
negative (3-value (-0.764) for CFU-O expansion; however, the fold expansion calculated 



25 was >5-fold. 



The importance ofIL3 on the expansion of MFCs 

It is evident that cytokine combinations containing both SCF and IL3 resulted in 
30 significant positive effects on the outcomes studied. To specifically determine the 

Sdual contribution of each of these growth factors on the tested outeomes, pactum 
XI were constructed. These suggested an interaction effect between SCF and H3 on 
Sal cell expansion, but that SCF alone does not significantly affect total cell expansion. 
Conversely, the presence of 20 ng/ml IL3 resulted in positive effects on total cells. 
35 Further Exemplification 

The example above demonstrates that cells capable of forming CFU-F and^ CFU-O xar .be 
propagated in non-contact serum-free conditions. The development of a semm-free 
suspension culture system promotes examination of the effects o specific endogenous 
and exogenous factors on the growth of MPCs. Therefore, in the present st udy ttie 
40 specific role of IL3 on MPC expansion in suspension was examined One possible 
mechanism of IL3 action is through direct binding to CD123 receptors (IL3a receptor) 
present on MPCs themselves. Alternatively, IL3 could also impact MPC total cell, 
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CFU-F and CFU-O expansion by. acting indirectly through binding and acting on 
hematopoietic cells (CD45 + cells), whose surface expression of the CD 123 receptor is 
well documented. This receptor binding and the resulting signaling cascades could 
poLtiaUy elicit secondary effects and release of soluble factors by the TL3-stimula ed 
5 hematopoeitic cells, which subsequently stimulate MPC. hi order to directly test the 
hypothesis that IL3 acts on non-hematopoietic cells capable of CFU-F and CFU-O 
development, CD45' cells, in the absence of CD45 + cells, were cultured in suspension in 
the presence of 100 ng/ml SCF and 20 ng/ml IL3. Flow cytometric ; analysis of • the sorted 
CD45- cell population revealed the emergence of significant numbers of CD45 
10 cells after 21 days of suspension culture (relative to Day 0 val ues^ Cell : sortmg on the 
CD45 -sorted population demonstrated that a subpopulation of CD45CD123 cells had 
the capacity to give rise to CFU-F and CFU-O throughout culture expansion. These 
findings reveal that CFU-F capable MPCs are phenotypically heterogeneous. The yield of 
CFU-F and CFU-O from the CD45CD123+ cell population increased throughout the 
15 study period, suggesting that IL3 interacts with CD123 receptor expressing cells resulting 
n their proliferation. Additionally, these studies unexpectedly revealed a significantly 
lower number of detectable CFU-F and CFU-O when MPCs were grown in the absence 
of CD45 + cells. These results suggest that hematopoietic cells may secrete factor(s) that 
affect the growth of MPCs, potentially in response to the addition of exogenous 
20 cytokines, such as IL3 and SCF. Therefore, we can conclude that MPC expansion in 
suspension is modulated by hematopoietic cells (via their endogenous secretion of 
factors) and by the exogenous supplementation of IL3 to the culture medium. 

More particularly, it has been demonstrated that growth of adherent-derived 
25 mesenchymal stem cells (MSCs), detected as CFU-F, is regulated by a ^number ^f specific 
soluble growth factors (Gronthos and Simmons, 1995b). PDGF-BB, EOF and bFGF have 
been shown to have the greatest capacity to support colony growth under serum-deprived 
conditions (Bianchi et al., 2003;Kuznetsov et al., 1997a;Gronthos and Simmons 
1995b Hirata et al., 1985b). However, PDGF and FGF had no significant impact on the 
30 growth of MPCs in suspension, while IL3 had the most potent affect on the growth ot 
CFU-F and CFU-O. In normal hematopoiesis, IL3 stimulates cell cycle progression and 
differentiation, while inhibiting apoptosis of hematopoietic cells. Specifically, IL3 plays 
an important role in the growth and differentiation of CD34 progenitor cells into 
basophils and mast cells, myeloid-derived dendritic cells DCs and nonmyeloid-denyed 
35 DCs [reviewed in (Martinez-Moczygemba and Huston, 2003)]. Cells responsive to the 
action of IL3 express CD123 (IL3a receptor) and are typically of the hematopoietic 
lineage (i.e., expressing CD45) (Munoz et al., 2001;Huang et al., 1999;de Groot et al 
1998). In normal human bone marrow, CD123 has been shown to be expressed in 0.27% 
of the total nucleated cells. However, CD123 displays differential expression levelsin 
40 various cell compartments of bone marrow (Munoz et al., 2001). For example, -53% ot 
the precursor compartment (CD34 + cells), -63% of the myeloid compartment 
(CD34 + CD33 + C19" cells) and 0% of the lymphoid compartment (CD34 CD33 
CD19 + CD10 + ) express CD 123 in normal human bone marrow (Munoz et al., 2001). lo 
date, no evidence exists that suggests bone marrow contains non-hematopoietic cells with 
45 mesenchymal developmental potential that express CD123. However, Pittenger et al. 

(1999) (in supplemental notes) document that adhesion-dependent, bone marrow-derived 
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mesenchymal stem cells express CD123. These studies did not *^?%f«*^ 
role of CD123 and we have shown that culture of similar adherent-derived cells was not 
SLtX £3 supplementation. Furthermore, the cells grown under contact .culture 
conditions lacked any detectable expression of CD123, suggesting that IL3 is not a 
mitogen for growth of adherent-derived MSCs. 

Notably, maintenance in the numbers of suspension-cultured MFCs capable of taring 
CFU-F and CFU-O were observed in direct response to IL3, suggesting that IL3 may 
influence MPC growth either through direct interaction with CD 123 receptors on MPCs 
or ndkectly by first binding to CD123 on hematopoeitic cells which release soluble 
factors that subsequently promote MPCs survival and/or growth. In the absence of IL3 

test the hypothesis that IL3 directly interacts with a suspension-grown 
expressing CD123, leading to their proliferation in suspension It : 1. well documented that 
S transduces signals in hematopoietic cells (CD45+ cells) (McAdams etal 
1996;Brandt et al., 1994). Therefore, to remove the complications and P°«™ 
interactions between hematopoeitic (CD45+ cells) and 

hypothesis of direct IL3-MPC interaction, non-hematopoietic cells (CD4 ^ eel s) were 
isolated and grown in serum-free suspension culture medium supplemented with SCF and 
S3. Flow cytometry was used to kinetically track the CD123 «F~? <£f^ 123+ 
CD45- cell population. The results revealed a competitive «~5^^™^Sgo 
cell population in direct response to the addition of ^f^^^^^ 3 ° 
developmental potential was determined from a punfied CD45 CD123 ^fraction 
isolated from the sorted CD45" cell population. Specifically, -35% and -21% ^e total 
attainable CFU-F and CFU-O, respectively, could be recovered from the CD45 ^» l f\ 
ceU population ! These results indicate the existence of phenotypic heterogeneity in the 
^SS^ymal stem compartment. Of particular significance, ^ jto 
revealed that co-culture with hematopoietic cells results in an increased number of CFU- 
F and CFU-O, suggesting that endogenously produced factors from hematopoietic cells 
also influence MPC growth in suspension. This work raises the possible unique 
regulatory role that both IL3 and endogenously secreted factors from hematopoiefcc cell 
have on the growth of MPCs in suspension and promotes the use of this he erogeneic cell 
culture (i.e., incorporating both non-hematopoietic and hematopoietic mp*«a»> 
suspension system to more fully enhance the output of colony forming MPCs. 

Materials & Methods 

Serum-free suspension cultures initiated with unsorted, CD45*. CD45' cells 

To explicitly study the regulation of MPC growth in suspension and 
confounding influences attributed to the presence of hematopoietic cells, the CDA5 cell 
fraction of BM MNCs were isolated. BM MNCs from normal donors (n-3) were 
incubated with saturating concentrations (1:100 dilution) of ^ugated mouse ' IjOu 
anti-human CD45-FITC (BD Biosciences, Canada) and both CD45 negative and positive 
cells were sorted on a Beckman-Coulter EPICS Cell Sorter (CA) at a rate _of 2000-3000 
cells/seconds at 10.5 psi to 99.5% purity. Stirred suspension cultures (n=3, tor eacn 
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group) were initiated with unsorted, CD45" and CD45* cells and cultured in StemSpan 
medium (Product*: 09650, Stem Cell Technologies, Va, BC, Canada) supplemented with 
20 ng/ml IL3 and 100 ng/ml SCF (n=3) (No Cytokine suspension cultures were 
performed in parallel for each group). StemSpan™ medium contains all the necessary 

5 serum-replacement components (i.e., alubumin, rh insulin, human transferrin, 2- 
mercaptoethanol, L-glutamine and Isocove's MDM). At 7, 14 and 21 days, the total 
number of cells were counted and test cell populations from each condition were initiated 
in CFU-F and CFU-O assays (n=3, in triplicate). Flow cytometry was used to track the 
relative percentages of CD45 + and CD45" suspension cell populations during the 21 -day 

10 study period. 

Flow cytometric sorting of suspension-derived CD45CD11T and CD45'CD123 + cells 

On days 7, 14 and 21, cells from suspension cultures (No Cytokine and SCF+IL3 
treatment groups) that were initiated with CD45~ cells on Day 0 (input) were incubated 
15 with saturating concentrations of conjugated mouse IgGi,* anti-human CD45-FITC and 
CD123-PE (EL3oc receptor) and CD117-PE (SCF receptor) (BD Biosciences, Canada) to 
recover populations of CD45CD123* and CD45 CD1 17 + cells on a Beckman-Coulter 
EPICS Cell Sorter at a rate of 2000-3000 cells/seconds at 10.5 psi to 99.5% purity. The 
CFU-F and CFU-O developmental potential of these cell population was assayed. 

20 

Statistical Analysis 

Pair-wise statistical comparisons were made, as indicated, by the Student's t-Test. A 
difference was considered significant at p<0.05. 

25 Results 

Flow cytometric tracking of unsorted and CD45' cell populations 

CD45" cells were initiated in stirred suspension cultures in the presence of 100 ng/ml SCF 
30 and 20 ng/ml IL3 in serum-free conditions. At each time point (including Day 0), the 
expression of CD45 was tracked using flow cytometry in suspension cultures initiated 
with CD45" cells to ensure that the cell population maintained a relatively homogenous 
CD45" phenotype. Flow cytometic analysis revealed that the suspension cultures initiated 
with CD45" cells maintained a >97% CD45~ phenotype throughout the 21-day culture 
35 period (Day 0: 99% CD45" cells). On average, -1% of the cells expressed the CD45 
antigen. 

The presence of CD45* cells and their endogenously secreted factors influence CFU-F 
and CFU-O expansion in suspension 

40 

At 7, 14 and 21 days, test cells were removed from stirred suspension cultures, which 
were initiated with unsorted, CD45 + and CD45" bone marrow-derived cells grown under 
serum-free culture conditions supplemented with 100 ng/ml SCF and 20 ng/ml IL3. The 
total number of viable cells was calculated and the CFU-F and CFU-O developmental 
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potentials from these populations were assayed. Cells isolated from suspension cultures 
initiated with unsorted and CD45" sorted cells gave rise to discrete colonies of CFU-F and 
CFU-O. No significant difference in the CFU-F colony sizes from these cell fractions 
(unsorted vs. CD45* sorted cells) was observed at any time points studied. An average 
5 CFU-F colony size of 7.2 ±1.9 mm and 6.6 ±1.2 mm was calculated from Day 7 derived 
cells from the unsorted and CD45~sorted cell population, respectively. No CFU-F or 
CFU-O development was observed from the CD45 + -sorted subfraction of cells grown in 
suspension. 

10 Calculating the fold expansion in total cells, CFU-F and CFU-O, relative to input 
numbers, revealed that the unsorted cell group [containing both CD45" and CD45 + cells 
(>60% of unsorted cell fraction were CD45 + )] resulted in a higher fold increase in total, 
CFU-F and CFU-O cells compared .to the numbers obtained from the CD45~ sorted cell 
population at all time points studied. Statistically significant differences (p<0.05) were 

15 calculated between the unsorted ana CD45" sorted cell groups with respect to the fold 
expansion in total cells, CFU-F and CFU-O at various time points. Minimal CFU-F and 
CFU-O growth was observed in the absence of CD45 + cells. Surprisingly, however, on 
average, a 58 ± 11% increase in CFU-F and CFU-O developmental potential was 
observed when CD45" cells were cultured in the presence of CD45 + cells, over study 

20 period, suggesting an interaction exists between the hematopoietic and non-hematopoietic 
cell fractions. 

IL3 promotes for the growth of CD45 CD123* cells 

Incubation with SCF+LL3 resulted in a significant increase in the percentage of cells 
25 expressing CD123 (i.e., between Day 7 and Day 21). The relative expression of CD45" 
CD123 + cells increased from 3.5 ± 1.3% (Day 7) to 8.9 ± 2.3% by Day 21 (4.7 ± 1.2% of 
the CD45" Day 0 input cells expressed CD 123), 

Flow cytometry was used to calculate the total number of CD45CD123* cells that were 
30 generated throughout suspension culture (Fig. 1). A decrease in the number of CD45" 
CD123 + cells was observed from Day 0 to Day 7, which may be attributed to apoptosis in 
those cells not supported under these culture conditions. However, after Day 7, CD45" 
CD123* cells a significant (p<0.05) increase in number and an -12-fold increase in total 
CD45CD123* cells was observed by Day 21, relative to Day 7 values. 

35 

CD45" cells were also evaluated for their expression of CD117 (SCF receptor). How 
cytometric analysis revealed that <1% of the total CD45" population was CD117*. 
Furthermore, CD45CD117* cells, isolated on Day 7 of suspension culture, failed to give 
rise to CFU-F and CFU-O. Additionally, the existence of a CD45"CD123 + CD117 + and/or 
40 CD45'CD123 + CD117" cell population was not detected in these studies. These results 
suggest that SCF does not directly interact with suspension-cultured MPCs isolated in the 
CD45" cell fraction. However, based on the observation that SCF enhances the activity of 
IL3 other mechanisms by which SCF supports the growth of MPCs may be involved (i.e., 
through hematopoietic cells and their release of endogenous factors that target MPCs). 
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Collectively these results demonstrate the ability of IL3 to enhance expansion of MPCs 
culture, and suggest that its action may occur via direct mteracuon wg. 
CD123 expressing MPCs and/or indirectly through interaction with CD123 
hematopoietic and elicitation of subsequent soluble factors, which then directly mteract 
with MPCs to facilitate suspension culture expansion. 

CFU-Fand CFU-O developmental potential ofCD45 CD123 + suspension-derived cells 

The developmental potential of CD45CD123+ cells (isolated from CD45' suspension cell 
culturel) was tested* CFU-F and CFU-O assays on Day 7, 14 and 21. The frequency of 
CFU-F and CFU-O in the CD45CD123+ cell population was determined from these 
assays after 7, 14 and 21 days of suspension culture. ByDay 7 * 

in 10 4 CD45"CD123 + cells had the capacity to form CFU-F and CFU-O (Fig 2). There 
were no CFU-F and CFU-O detected from input (Day 0) bone marrow-derived CD45 
15 CD123 + cells at the cell seeding dilution used in the respective functional assays (i.e., 
lxlO 3 cells/cm 2 ). 

Tracking the total yield of CFU-F and CFU-O over the 21-day culture period recovered 
in the CD45CD123+ cell fraction revealed a statistically significant (p<0.05) increase in 
20 the numbers of both CFU-F and CFU-O by Day 21 relative Day 7 values (Fig. 3)_ 
" However no statistically significant differences were detected between the numbers of 
CFU-F and CFU-O obtained at each of the time points examined, suggesting that a 
CD45'CD123 + cell population may contain a unique cell type responsive to IL3, which 
has the capacity to give rise to both CFU-F and CFU-O. 
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Discussion 



It was demonstrated above that it was possible to culture MPCs in serum-free suspension 
culture conditions, and IL3 was revealed to be an important modulator for the growth of 

30 MPCs. A possible mechanism by which IL3 exerts its action on MPCs is indirectly 
through hematopoietic cells (CD45 + ) and their subsequent release of factors that then 
specifically target MPCs. However, to explore the potential action of IL3 directly acting 
r"reS„ g in their growth, CD45 ? cells (devoid of all CD45 + cells) were , culmred 
in serum-free suspension culture conditions supplemented with SCF ana LLJ. now 

35 cytometric analysis confirmed that >97% of the cells maintained a CD45 phenotype 
throughout suspension culture. Incubation with SCF and IL3 resulted in a significant 
increase in the percentage and total number of CD45"CD123 + cells by Day 21 suggesting 
that the growth of CD45CD123 + cells is supported under these conditions. topormntly, 
we demonstrated that the CD45" cell fraction comprised a small percentage of CD123 

40 cells (range: -4.0% to -11% at 7 and 21 days, respectively) that demonstrated tbe 
capacity to form CFU-F and CFU-O after 7, 14 and 21 days of suspension c"lture_There 
were no CFU-F or CFU-O detected in the CD45CD123+ cell fraction on Day 0 
suggesting that the cell giving rise to CFU-F and CFU-O may be at a very low frequency 
in bone marrow or, perhaps MPCs "acquire" this phenotype after extended time in 
45 suspension culture. 
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WE CLAIM: 

1 A process for culturing a progenitor cell population, comprising the step of 
culturing an input population of non-hematopoietic progenitor cells by non-static non- 
adherent suspension in serum-deprived nutrient medium. 

2. A process according to claim 1, wherein the input population comprises 
progenitor cells having a CD45- phenotype. 

3. A process according to claim 1, wherein the input population comprises 
mesenchymal progenitor cells. 

4 A process according to claim 3, wherein the serum-deprived nutrient medium is 
15 supplemented with a factor selected from stem cell factor, interleukm-3 and a 
combination thereof. 

5. A process according to claim 3, wherein the serum-deprived nutrient medium is 
supplemented with interleukin-3. 

6. A process according to claim 3, wherein said input population further comprises a 
population of CD45+ progenitor cells. 

7 A process according to any one of claims 1 to 6, wherein the input cell population 
25 is cultured for a period sufficient to expand the progenitor cell population therein. 

8 A process for producing a differentiated non-hematopoietic cell comprising the 
step of obtaining a progenitor cell produced according to a process as defined in any one 
of claims 1-7, and culturing said progenitor cell under conditions conducive to the 

30 differentiation thereof. 

9. An isolated population of mesenchymal cells having a CD45-/CD123+ 
phenotype. 
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ABSTRACT 



Non-hematopoietic, e.g., mesenchymal progenitor cells, are expanded under non- 
static, non-adherent conditions in serum-deprived medium. 
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Figure 3 



BEST AVAILABLE COPY 



~_ T , ^„i,W - hv USDTo *rom the IFW Imape Database on 03/31/2005 



• t > 



30.00 



25.00 



20.00 



I 

E 
z 

I 



15.00 



10.00 



5.00 



0.00 



CFU-O per 1E5 cells/35mm dish 



2919-1 19 -Serum-Free 
Suspension Culture System for 
Mesenchymal progenitor cells 











V . Serum-containing 










i ■ '■ « 1 — i 





Weeks 



Figure 4 



1 

BEST AVAILABLE COPY 



r^,, -wwMeri bv USPto from the IFW Image Database on 03/31/2005 



